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Ahtroct-Switched-capacitor networks have become very attractive for the MOS/LSI realization of analog sampled-data filters. The work presented in this paper shows that the I/p transformation where p = (1 -z -')/T can be performed for such filters similarly to.Bruton's l/s transformation for analog continuous networks. An analog sampled-data filter based on this principle has been designed and implemented using discrete components.
I. LTP ANALYSIS OF WITCHED-CAPACITOR NETWORKS
The possibility of realizing single-chip active filters using MOS/LSI technology has recently stimulated widespread activity in this area [ l]- [5] . These filters can be readily analyzed using four-port equivalent circuits for capacitors in the z-domain [6] - [8] . A capacitor, being switched by a two-phase nonoverlapping clock (Fig. 1) , can be represented by a four-port with two signal paths, which replace the original even-and odd-time slots. These two signal paths (i.e., even and odd) are linked by a link two-port (LTP), the transmission matrix of which is given as
where z -* = e-j""', r = 1/2f,,,,~,.
The superscripts e and o denote even-and odd-signal quantities and Se and So are closed at even-and odd-time slots, respectively.
II. THE I/p TRANSFORMATION
The even driving-point impedance of the general LTP (see Fig. 1 ) with an open-circuit at the output (i.e., at the "odd" terminals) is Z&= $ 7
With the substitution p = (I-z -')/r it becomes Z& = 1 /pC. This can be viewed as a capacitor in the p-domain [8] . The even driving-point impedance of an LTP with a short-circuit at the output is This can be interpreted as a resistor in thep-domain. It can be shown that the SC transfer function of an equivalent RC circuit can be written as F= F(~T) where p=(l -z-')/T.
In the pdomain [8] it is now possible to introduce a l/p transformation namely a super-capacitance' D such that . similar to the l/s transformation for analog continuous networks introduced by Bruton [9] . The components of a SC-
simulated LC network will then be transformed according to the following rule: inductances to resistances, resistances to capaci-III.
DESIGNING AN SC SUPER-CAPACITANCE tances, and capacitances, to super-capacitances, all in the pConsider the SC circuit in Fig. 2 =&"A p,,** 7 Using the p-transformation this can be interpreted as a parallel combination of a capacitor and a super-capacitor, both in the p-domain, namely, z,K = 1 p2D +pC,(l -K) (6) where D = KC,r.
Notice that for K= 1 a super-capacitor such as defined by (4) is obtained. However, if a capacitor is required parallel to D, then an appropriate value for K may be selected. Using two delay units in cascade with a buffer amplifier of gain K, we readily obtain the SC version of a super-capacitance shown in Fig. 2(c) .
Note that an SC version of the gain element K using a differential input (operational) amplifier is as shown in Fig. 2 (d) [8] :
K c,+c2 I-*
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As we shall see in the following example, depending on the application, the super-capacitance in Fig. 2(c) can be simplified considerably.
IV. A DESIGN EXAMPLE
We consider the second-order LCR low-pass filter shown in Fig. 3(a) . Applying Bruton's l/s transformation we obtain the RCD or FDNR equivalent circuit shown in Fig. 3(b) . The SC version of the latter using the p-transformation is shown in Fig.  4 . It is obtained using a toggle-switch-capacitor combination as a resistor [8] and the super-capacitor of Fig. 2(c) . The capacitor C2 corresponds to that in Fig. 3(b) . Using the four-port equivalent circuit and the LTP concept, it can be shown that Fig. 4 readily simplifies to the two-opamp circuit shown in Fig. 5 . Furthermore, if we now consider the even and odd states of the super-capacitor section in Fig. 5 separately, it becomes apparent that we can combine the two remaining gain stages into a single one.
Consider 'the circuit section between terminals 1 and 2. In the even state (Fig. 6(a) ) the voltage Ve is held across CA,, and amplified by the amount K. Interchanging the K-amplifier and CA", (Fig. 6(b) ) we obtain the same K-amplification and hold-~ ing function, which can now be realized with an operational amplifier as in Fig. 6(c) . The capacitive feedback structure provides the gain K, the series combination C, and Cs stores the voltage KVf.
In the odd state ( Fig. 7(a) ) the voltage KVf is held (or stored) unchanged across CAux. The resulting delay from even-to-odd state is expressed by the quantity KVfz-'.
The same effect can be achieved with the opamp structure of Fig. 6(c) by switching the series combination C, and Cs to the noninverting input terminal (Fig. 7(b) ). Switching the amplifier into the noninverting unity-gain mode, this same delayed voltage KVfz -' appears at the output of the amplifier. Combining the two configurations of Fig. 6(c) and Fig. 7(b) into one by the use of appropriate switches, we obtain the single amplifier configuration shown in 
To check this result we can calculate the transfer function in s pertaining to Fig. 3@ ) and then carry out thep-transformation on the result. The analysis of Fig. 3 Furthermore, our SC realization of a super capacitor (Fig. 2) yielded a parallel combination of a super-capacitance and a capacitor as given by (6) capacitor introduced (e.g., C2) and the capacitor included in the super-capacitor realization when K # 1. Transforming (10) according to (11) and (12) we obtain " .
Except for the z -' in the numerator, this corresponds to the expression in (9), when we recall that K=(C,+ C,)/C,. The discrepancy in the numerator arises because our resistor realization of R, in Fig. 3(b) by a toggle-switch-capacitor combination provides not only a "resistor" r/Cl, but also an LTP voltage transfer function-or delay-of z -'.
V. EXPERIMENTAL RESULTS
As all SC networks, the circuit of Fig. 8 is actually intended for realization on a single chip using MOS/LSI technology. To this end, careful attention was paid to the fact that each capacitor can have either the lower plate grounded or be voltage driven. In this way large parasitic capacitances of the bottom plate, which are typical for MOS capacitors and represent one of the main causes of error [lo] , can be eliminated. To evaluate the feasibility of our SC super-capacitance, both the filters of Figs. 4 and 8 were built and tested in the lab with discrete components. No discernible difference in performance between the two versions was found. The single-amplifier version of Fig. 8 was, of course, significantly more economical of power, used two capacitors less, and required only one more switch than the Fig. 4 version. It was realized with C,/Cs=l.Ol, C,/C,=O.l, and C,/ Cs = 0.996. The operational amplifier was type LF 356 and the analog switches were type MC 14066B. The clock frequency was 1.6 kHz. These values yielded a center frequency fc= 182.5 Hz and a selectivity Q = 12.9. Excellent agreement was found between these expected results and the frequency response actually measured (Fig. 9) . Note the phase shift due to z-i (see (9) ) in the phase response.
The filter of Fig. 8 can, of course, also be realized with Cs short-circuited (this corresponds to K= 1). Note that (9) is still valid for Cs= co, i.e., for K= 1.
VI. CONCLUSIONS
A design technique has been presented using the l/p-transformation for switched-capacitor networks. The l/p-transfotmation is similar to Bruton's l/s transformation in that it eliminates floating inductors and converts capacitors into "super capacitances" (which is a more suitable description in the SC case, than Bruton's "frequency-dependent negative resistance" or FDNR). Thep (or l/p) transformation preserves the continuous-time filter characteristics accurately only for the case that tJJ -=z %mpling or if special prewarping of the transfer function in z is carried out [ 111. In all other cases it is necessary to evaluate an SC filter based on the p-transform directly in the z-plane. The big advantage of this technique is that it yields simple circuits in terms of hardware. Thus, for example, the second-order low-pass filter presented in this correspondence, which essentially simulated a floating inductor (besides providing the necessary grounded R and C elements), is realizable with only one operational amplifier.
